Catalytic chemical vapor deposition (CCVD) with different activation modes (thermal; hot filaments-enhanced; direct current plasma-enhanced and both hot filament and direct current plasma-enhanced) are achieved in order to grow vertically aligned carbon nanotubes (VA CNTs). By widely varying the power of the different activation sources of the gas (plasma, hot filaments, substrate heating) while keeping identical the substrate temperature (973 K) and the catalyst preparation, the results point out the important role of ions in the nucleation of carbon nanotubes (CNTs), as well as the etching behaviour of highly activated radicals such as H˙ in the selective growth of vertically aligned films of CNTs. Moreover, it is demonstrated that, within the deposition conditions (temperature, pressure, flow rate) used in this study, oriented carbon nanotubes can be grown only when both ions, mainly generated by the gas discharge plasma, and highly reactive radicals, mainly formed by the hot filaments, are produced in the gas phase. We propose that highly energetic ions are needed to nucleate the carbon nanotubes by increasing the carbon concentration gradient whereas the highly reactive radicals allow the selective growth of vertically aligned CNTs by preventing carbon deposition on the whole surface through chemical etching of edge carbons in graphene sheets.
Introduction
Carbon nanotubes (CNTs) are currently produced by many pathways. Among them generally low temperature preparation techniques by chemical vapor deposition (CVD) are considered as the most convenient ones for applications in electron field emission and for any applications required to grow vertically aligned nanotubes on a flat film [1] . In these methods, nanoparticles of a transition metal like Fe, Co, Ni, Mo, etc., catalyze the CNT growth. The gas mixture is either thermally decomposed on the substrate surface, or is activated by processes such as hot filaments (HF), direct current discharge (DC), microwave (MW) plasma, or by any combination of these processes of gaseous decomposition. For a review of the thermal and plasma-activated CVD processes, the reader can report to Refs. [1, 2] and [3 -5] , respectively. On a fundamental point of view, the mechanism of CNT nucleation and growth
has not yet been firmly assessed: either growth starting from the top (tip growth mechanism) or starting from the base (root growth mechanism) of the growing CNT has been yet proposed [2] . However, the deposition conditions, as well as the preparation of the catalysts, are too widely varying in the literature for useful and rational comparisons. In this paper, several catalytic CVD (CCVD) depositions of carbon nanos-tructures with different modes of gas activation have been carried out to grow CNTs, while keeping constant the substrate temperature to 973 K, the initial gas composition, flow rate, pressure and catalyst preparation. The gas activation is achieved by thermal heating of the substrate (T CCVD); or by heating by hot filaments (HF CCVD); or by a direct current discharge plasma (DC CCVD) or finally both by hot filaments and by direct current discharge plasma (DC HF CCVD). Identical preparation of Co catalytic nanoparticles is carried out by ultra high vacuum evaporation at high temperature. By qualitatively comparing these different gas activation modes (nature and concentration of neutral, activated and ionized species, energy distribution, etc.), it is expected to provide new insight into the understanding of the complex CNTs nucleation and growth. The catalyst and the deposited carbon were characterized by high-resolution transmission electron microscopy (HRTEM), scanning electron microscopy (SEM) and Raman spectroscopy.
Experimental

Catalyst preparation
A SiO 2 layer of 8 nm thickness was deposited by an ECR plasma process on a Si(100) sample (Sb n-doped with q = 3 mV cm). The SiO 2 /Si(100) sample was then transferred into a stainless steel ultra high vacuum (UHV) preparation chamber (base vacuum 10 -10 mbar). Co metal (grade 99.995) was evaporated with an OMICRON EFM3 effusive source at a pressure within 0.7 -2 x 10 -9 mbar on the sample heated at 925 K T 20 K during 30 min. Co nanoparticles with a narrow size distribution within 10 -15 nm were obtained. Co is in a metallic state, as checked by in situ X-ray photoemission spectroscopy (XPS).
Growth of carbon nanostructures
The sample was further in situ transferred to an UHV CVD chamber for the growth of the carbon nanostructures, which has been described elsewhere in more details [6] . The UHV base pressure is lower than 10 -9 mbar. The sample is heated with H 2 to 973 K at a constant rate of 10 K/min. The variable experimental parameters are summarized in Table 1 . The gas mixture (C 2 H 2 + H 2 ) was thermally activated by heating of the substrate with an infrared lamp on the rear of the sample, or by heating with four tungsten hot filaments at 8 mm above the sample (diameter 15/100 mm; filament power P F = 150 W corresponding to a filament temperature T F � 2173 K). The gas mixture can also be kinetic energyactivated by a direct current discharge plasma ignited between two independent electrodes at V p = 310 T 10 V. A small negative extraction voltage V e (between -5 and -20 V) was set between the cathode and the sample. This allowed to withdraw in a controlled way an extraction current I e from the polarisation plasma that was focussed onto the substrate. The activation power ( P e = I e x V e ) on the sample, less than 1 W, was too small to contribute to the sample heating. As displayed in Table 1 , the temperature of the sample, and the CVD gas conditions (pressure, gas composition, flow rate) were set constant for all experiments, while the modes of gas activation were allowed to continuously vary.
CNTs characterization
The samples were examined by HRTEM on a TOPCON 002B microscope operating at 200 kV. SEM observations were performed on a XL30S-FEG PHILIPS generally working at 3 KV. Raman spectra were recorded on a Renishaw spectrometer using a He -Ne laser at k = 632.8 nm (hm = 1.96 eV) equipped with a Notch filter and working in the backscattering geometry.
Results
Thermal CCVD
The thermal CCVD is the first growth mode studied. The gaseous mixture is decomposed only over the heated surface of the sample. The SEM image shows however that the surface is rather uniform (Fig. 1A ) with a very weak carbon deposition, as checked by XPS. The TEM images of the sample reveal that the Co particles are encapsulated by turbostratic graphitic carbon ( Fig. 2A) . Lower magnitude images show that carbon strips connect these metallic particles, whereas the support is mostly let free of carbon. Very weak carbon contributions are recorded in the noisy Raman spectrum and D and G bands of carbon are hardly evidenced (Fig. 3A) .
HF CCVD
In the HF CCVD mode, the gas mixture is activated both by the hot filaments and by the thermal heating of the sample. As the hot filaments are heated to around 2173 K, it is expected that most of the hydrocarbon and part of the hydrogen is decomposed into radicals at this temperature. The intensity collected onto the sample with the plasma switched off is around 10 AA, and it can be inferred that the concentration of ions is very weak. Stripes of curved and closed graphitic shells encapsulating the metallic particles are well evidenced by HRTEM. Both SEM (Fig. 1B) b I p and V p are not operating parameters. They depend on the quality of the coating of the electrodes, the cleanliness of the walls, the electrodes, the substrate and filaments holders, and they may shortly vary in the course of the process.
contribution around 1595 cm -1 and another even smaller one around 1500 cm -1 (Fig. 3B ). In conclusion, the activation of the gas phase by hot filaments promotes a catalytic activity of the metallic nanoparticles for carbon decomposition leading to their encapsulation or to large stripes of high quality graphene planes. However the Raman spectrum suggests that the nature of carbon deposited is more complex than either graphite compound or graphene sheets. Anyway carbon nanotubes cannot be observed while using such activation mode.
DC CCVD
In the DC CCVD mode, the gas mixture is mainly activated by high direct current discharge plasma maintained between a set of electrodes above the sample, giving rise to plasma with formation of ions through impact collisions between electrons and molecules, and formation of radicals and activated molecules through collisions between molecules, ions and electrons. Some of these ions are extracted through the small negative polarisation V e set between the cathode and the sample and impinge the surface of the sample. It is clear by SEM examination that a thick and uniform carbon layer is now deposited (Fig. 1C) , of thickness estimated larger than 10 nm from additional XPS measurements. Sometimes we do also observe some sharp and short vertically aligned whiskers that could be identified to carbon nanotubes or carbon nanofibers merging from the surface, but they are scarcely spread on the surface as evidenced by SEM observations (Fig. 1C) . The nature of the carbon is mostly amorphous (Fig. 2C ). This is confirmed by the Raman spectrum with two large and broad D and G lines at 1329 cm -1 and 1599 cm -1 , indicative of many defects of sp 3 -type in the intense amorphous carbon layer (Fig.  3C ). In conclusion, the DC CCVD process mainly leads to a widespread and amorphous deposition of carbon.
DC HF CCVD
In the DC HF CCVD mode, both the formation of plasma and the decomposition of the gas on the heated filaments lead to a high rate of reactive ions, radicals and activated molecules in the gas mixture above the sample. Within these conditions, strong modifications occur in the nature of the deposited carbon. The SEM (Fig. 1D) as well as the TEM images (Fig.  2D ) now show clearly a film of aligned and long carbon nanotubes or carbon nanofibers vertically oriented relative to the surface. Moreover the tubes are of the bamboo-type with always a metallic particle on top of the tubes. These metallic particles exhibit now an anisotropic shape rather than the isotropic shape observed in the previous CCVD processes. In addition, the high resolution shows some defects within the graphitic shells. The lateral size is around 15 -20 nm with a narrow size distribution. This size distribution is quite similar to the initial Co catalytic nanoparticles. The Raman spectrum (Fig. 3D ) exhibits very sharp D and G bands with many narrow substructures within these band domains. The sharp and narrow (FWHM = 13 cm are observed only when combining, within the experimental conditions used in this study (sample preparation, CVD conditions, ..etc.), gas phase activation mode with hot filaments and plasma discharge (DC HF CCVD process).
Discussion
As ascertained by SEM, TEM and Raman spectroscopy, the nature of the deposited carbon in the CCVD process is strongly dependent of the activation mode of the gas phase. The literature provides a great deal of reports of CNTs growth using either TCCVD [7, 8] , or HF CCVD [9 -11] , or DC CCVD [12 -17] , or DC HF CCVD [18 -21] activation processes. However, it must be recalled that the experimental conditions are so different from one report to another one, as far as the CVD deposition conditions (substrate temperature, pressure, nature and concentration of the gas mixture) and the catalyst preparation (nature of the catalyst and substrate, density and size of the catalytic nanoparticles, etc.) are concerned, that it is difficult to extract some rationale for the optimization of the nucleation and growth of carbon nanotubes. The occurrence and the optimization of vertically aligned CNTs might concern both the preparation of catalysts with the desired size, as the size of the CNT is in direct relationship with the size of the catalyst, and the subsequent CVD conditions of nucleation and growth. Thus, successful growth of CNTs or CNFs was reported at 973 K by thermal CCVD or HF CCVD in other reports, but with different preparation of the catalysts and CVD overall growth conditions. The reasons why CNTs cannot be grown here by TCCVD or HF CCVD can be explained by the very low pressure (15 mbar instead of 1000 mbar) and the low carbon concentration (diluted by 20% instead of around 100%) in the gas mixture. In addition, the CNTs or CNFs deposited are generally not vertically aligned, especially when the gas mixture is thermally or hot filaments activated. The alignment has been explained by the electric field created between the anode and the sample working as a cathode in a plasmaactivated process [22] . No electric field is present in the T CCVD or the HF CCVD processes. Forests of aligned singlewall CNTs were recently grown however by thermal CCVD [7, 8] . In these cases the alignment can be obtained through mutual van der Waals interactions between the growing CNTs and with a high density of the small sized catalytic nanoparticles. Finally, there are recent reports that directly compare DC CCVD and DC HF CCVD processes with the development of a gas phase model [16, 17] . The conclusions were that the hot filaments play a minor role. However ammonia was used in the gas phase instead of hydrogen in the present work. In a partial conclusion, it must be reminded that the different gas phase activation pathways here used might not correspond to an optimized process to growth carbon nanotubes in each of the CCVD mode used here. The main interest of this study is to provide a ''photography'' of different activation modes for the growth of vertically aligned carbon nanotubes under strictly identical catalyst preparation and overall CVD conditions, with some qualitative elements of comparison between different gas phase activations. At T = 973 K, P = 15 mbar, 20% C 2 H 2 mixed with H 2 decomposed on 10-to 15-nm-sized Co particles, it is thus found that the growth of nanotubes needs the presence of both ions with high kinetic energy, generated by the DC plasma, and highly activated radicals, mostly generated by the hot filaments. We believe ions play a crucial role in the nucleation electric field as nanotubes are growing in the extraction plasma sheath, maintain an orientation of the CNT in the direction normal to the surface. It is proposed that these ions sputter carbon atoms that can merge outside of the surface of the catalytic Co nanoparticles. Thus, it is generally observed that the nanotubes contain the amount of graphitic shells just required by the shadowing of the top nanoparticle [24] . But now, why are there no or very few CNTs observed when the DC CCVD mode is used whereas ions are also formed in the gas phase? This behaviour indicates that the presence of highly reactive radical species, like atomic hydrogen produced by hot filaments, is also required for the growth of CNTs. The difference between the DC CCVD and DC HF CCVD modes can be relied to the deposition of a large amount of amorphous carbon in the former case that spreads out on the surface of the substrate, whereas growth of CNTs only localized to the Co nanoparticle area occurs in the DC HF CCVD case. This could be relied to an important chemical etching of highly reactive radicals such as H˙ that preferentially react on edge carbon of graphene sheets. The edge carbons in a graphene sheet (prismatic carbon) are fivefold more reactive to H˙ radicals than carbon inside a graphene sheet [25] . Therefore, the spreading of carbon, which first develops at the interface of the metallic nanoparticle and the substrate, is now forbidden over the whole surface of the substrate.
From these results, as well as from the results of other experiments where either the plasma power or the power of the hot filaments are continuously varied [26] , it is possible to plot a schematic 3D carbon phase diagram with the three modes of gas phase activation as parameters (Fig. 4) . This phase diagram points out that, at a very low power of hot filaments, with hydrogen in the gas mixture, amorphous carbon will be formed rather than CNTs. At very low temperatures or very low plasma power, Co particles are encapsulated and thus poisoned for carbon growth. At high plasma power, filled carbon nanofibers, without central hollow channel, are produced only. Growth of vertically aligned CNTs or CNFs thus proceeds in a narrow window of activation parameters. Such qualitative carbon phase diagram has been recently reported, but with a C 2 H 2 / NH 3 gas mixture [5] .
Plasma
of the nanotubes by comparing the carbon deposition in the HF CCVD and the DC HF CCVD modes, respectively. In the former case, carbon encapsulates the nanoparticle and poisons it on its whole surface for further growth. Reversely, in the late case, the particles take now an oblong shape and the top surface of the particle remains available for hydrocarbon dissociation and for subsequent CNT growth according to the model first proposed by Baker [23] . This difference can be explained by the high kinetic energy of the ions impinging the surface of the nanoparticle (non-thermalized surface) that induces a gradient of carbon concentration between the top surface and the bottom surface at the interface between the substrate SiO 2 /Si(100) and the Co nanoparticle. This explains also why the nanoparticle takes an oblong shape through both carbon and Co inter-diffusion. Ions, that closely follow the Fig. 4 . A schematic phase diagram of the carbon species grown according to the activation modes of the gas phase containing hydrogen: thermal heating from the substrate; thermal heating by hot filaments above the sample and direct current discharge plasma.
Conclusion
As main results of this study, we demonstrate that, with identical CVD deposition conditions and preparation of the Co catalysts, oriented carbon nanotubes can be grown only when using both ions, mainly produced both by a gas discharge plasma, and highly reactive radicals, mainly produced by hot filaments (DC HF CCVD process). A synergy in the effect of these two gas species is observed in the nucleation and growth of CNTs. We propose that highly energetic ions are needed for the nucleation of the CNTs by increasing the carbon concentration gradient. Reversely, highly reactive radicals as H˙ prevent the spreading of carbon over the whole surface of the substrate by preferential chemical etching, and thus allow the selective growth of CNTs.
